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Particulate pollution has raised serious concerns regarding its potential impacts on human health in developing countries. 
However, much less attention has been paid to the threat of haze particles to machinery and industry. By employing a 
state-of-the-art in situ scanning electron microscope compression testing technique, we demonstrate that iron-rich and fly ash 
haze particles, which account for nearly 70% of the total micron-sized spherical haze particles, are strong enough to generate 
abrasive damage to most engineering alloys, and therefore can generate significant scratch damage to moving contacting sur-
faces in high precision machineries. Our finding calls for preventive measures to protect against haze related threat. 
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1  Introduction 
Rapid industrialization and urbanization are often accompa-
nied by air pollution. China, the world’s largest developing 
country, is a striking example in past few years in this re-
gard. Much of the country is currently suffering from inter-
mittent severe air pollution [1–5]. The dense haze resulting 
from respirable suspended particles is now a common oc-
currence affecting large areas and population [1–5]. The 
sizes of these particles are usually in the range of tens of 
nanometers to a few micrometers, which is comparable to 
the abrasive particles used for chemo-mechanical polishing 
in the semiconductor industry. Therefore, in addition to the 
impacts of haze on visibility, human health and climate 
[6–9], it is likely that haze particles may reduce the service  
life of high-precision machine components through tribo-
logical wear, especially when under high-speed operation 
conditions and with the assistance of corrosive substances 
(i.e. NOx and SO2) in the air [4]. 
A prerequisite for this hypothesis is that the haze parti-
cles are sufficiently hard to generate abrasive damage. 
However, to the best of our knowledge, there has been no 
quantitative test so far to probe the mechanical strength of 
individual haze particle. As a result, the potential hazard 
from haze particles to machinery remains speculative. 
Hence, there is a pressing need to probe into the mechanical 
properties of individual haze particle quantitatively. If in-
deed the measured hardness of the particle exceeds the wear 
criterion of engineering alloys, such particle should be able 
to scratch engineered surfaces, produce significant wear 
track and damage. 
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2  Methods 
In this work, the airborne haze particles were collected on 
clean silicon substrates via natural deposition in a quiet area 
and then characterized inside a scanning electron micro-
scope (SEM) and a dual beam focused ion beam (FIB).  
2.1  Haze particle collection and characterization 
Polished clean silicon wafer was put outside the window on 
the third floor (~10 m above the ground) of a quiet school 
building for 3–7 days to collect deposited particles during 
the haze season of 2014 in Xi’an, China. The building is 
located inside Xi’an Jiaotong University, which is at least 
500 meters away from any main road with heavy traffic. 
After collection, the samples were directly characterized 
without additional processing. Morphology and chemical 
composition of the haze particles were analyzed utilizing  
a SEM (Hitachi SU6600) under the accelerating voltage of 
15 kV. For the measurements of element silicon in haze 
particles, a silicon substrate covered by 2 μm thick copper 
film was used. Some spherical samples were cut using  
FIB with accelerating voltage of 30 kV and beam current of 
93 pA for the cross-section observation. The category  
between PM10 and PM2.5 was roughly determined according 
to their physical size instead of aerodynamic diameter in 
this study. 
2.2  In situ mechanical test and data analysis 
In situ mechanical test was conducted using PI87 with a flat 
diamond tip inside the FIB (FEI Helios Nanolab 600) 
chamber under displacement rate controlled mode. The 
compression rate was programmed to be ~6×103 s1. The 
angle between the loading direction and the view direction 
was set to be 85° for better observation and video recording. 
The haze particles tested on the silicon substrate were iden-
tified by their chemical compositions, morphology, size and 
their relative locations to the substrate. The deformation 
processes were recorded at a scanning rate of 4 frames per 
second by a charge-coupled device camera. The accelerat-
ing voltage of the electron gun was set to be 10 kV during 
the test in order to reduce the potential beam damage. The 
contact pressure was defined as the applied force divided by 
the contact area between the particle and substrate assuming 
a perfect circular contact [10–12], and the compression ratio 
was defined as the compressive displacement (u) (after sub-
tracting the contribution from the substrate) divided by the 
particle diameter (D) in our study. The Hc was defined as 
the contact pressure at the point of yield for brittle particles 
or the peak contact pressure for ductile particles. The com-
pression ratio at the point of Hc is defined as critical com-
pression ratio. The compression ratio programmed in the 
loading function was around 30% to 60%. 
3  Results and discussion 
It was found that both the size and morphology of the col-
lected particles are very diverse (see Figure S1, Supporting 
Information). In order to simplify the data analysis without 
loss of generality, we have purposefully selected spherical 
haze particles as our research objects. A total of 146 spher-
ical haze particles with their sizes ranging from 500 nm to 
10 μm were analyzed. These all belong to the PM10 (diame-
ter  10 micrometer) category, with 72% in the PM2.5 (di-
ameter  2.5 micrometer) category as well and therefore are 
highly mobile in air and can remain suspended for long pe-
riods of time.  
More than 10 different kinds of spherical particles were 
identified based on their main chemical composition (Figure 
S2 and Table S1). For the sake of simplicity, we classified 
them into four groups, i.e., fly ash, organic, iron-rich and 
others. As shown in Table S1, fly ash refers to the particles 
with aluminosilicate as their dominant composition; the 
main composition of organic particles is carbon and oxygen; 
the O/Fe atomic ratio of iron-rich particle is found to be in 
the range of 1.19 to 1.48. Occasionally, we also found that 
some pomegranate-like composite particulate with their 
seeds containing Ti, Pb, or Cr, as shown in Figure 1(d) and 
Figure S2. The number percentages of these four types of 
haze particles are 53.42% for fly ash, 19.18% for organic, 
15.75% for iron-rich and 11.6% for others, respectively.  
It is worth noting that the appearance of the particles can 
be very different. As shown in Figure 1, freshly collected 
fly ash particles usually have very smooth surface, but fine 
particles may adhere onto their surfaces as well (Figure 1(c)).  
 
Figure 1  (Color online) Proportion and appearance of spherical haze 
particles as well as the schematic experimental setup. (a) The fraction of 
four types of spherical particles based on the analysis of total 146 airborne 
haze particles with diameter ranging from 500 nm to 10 μm. (b) Schematic 
illustration of the setup for in situ SEM compression tests. (c) Fly ash, 
mainly aluminosilicate in composition. (d) Typical appearance of the 
brain-like iron-rich particle with miniature dongas distributed on its surface. 
(e) Pomegranate-like haze particle with numerous titanium oxides as seeds. 
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Organic particles mostly exhibit smooth surface (Figures 
S2(c), (e)). Interestingly, the appearance of iron-rich parti-
cles is size dependent. Large particles often have “valleys” 
or “dongas” on their surface (Figure 1(d)). Occasionally, 
small pit can be found at the triple junction of dongas, as 
marked with white arrows in Figure 1(d). These dongas will 
become sparse and even disappear with decreasing particle 
size (see Figure S3 for details). The most complex appear-
ance comes from the organic-matrix composite particles. 
Under appropriate SEM imaging condition, they look like 
transparent pomegranates with numerous seeds. One typical 
example is shown in Figure 1(e). Analysis suggests that the 
internal “seeds” are titanium oxide. Even though their for-
mation mechanism remains unclear, the composition and 
the appearance of the haze particles should carry hints of 
their formation mechanism and emission sources. Figure 
1(b) is the schematic showing how these particles were 
tested mechanically. Even though organic particles are sec-
ond behind the fly ash particles in the total number count, 
they are smaller (usually less than 1 μm) and much softer 
(see Movie S1) [13,14]. In this work, we focus on studying 
the mechanical behavior of the relatively harder spherical 
particles, as described below.  
Fly ash particles can be classified into three main types 
depending on their mechanical response, i.e. brittle (e.g. 
Figure 2(a), black curve), less-brittle (e.g. Figure 2(a), red 
curve) and ductile (e.g. Figure 2(a), blue curve). Figure 2(a) 
shows the representative force vs. compression ratio (de-
fined as u/D, where u is the compression displacement and 
D is the diameter of the tested particle) curves of these three 
types of fly ash particles. The corresponding diameters of 
the compressed particles in Figure 2(a) are 2320 nm (black), 
2050 nm (red) and 2159 nm (blue), respectively. For the 
brittle fly ash particle, the compressive force increased 
steeply and linearly with increasing compression ratio. At 
the peak of the force, a large burst (Figure 2(a), black) oc-
curred, where the sample fractured suddenly into two 
roughly equal parts and adhered to the flat indenter, as 
shown in Figure 2(b) (see Movie S2). The critical contact 
pressure (Hc, defined as the maximum force divided by the 
corresponding contact area upon the point of yield) is 
measured to be ~ 6.89 GPa. For the less-brittle fly ash parti-
cle, its stiffness (defined as the ratio between force and u/D) 
is obviously smaller than the brittle fly ash. In addition, the 
particle exhibited obvious yielding followed by some inter-
mittent load drops (Figure 2(a), red curve and Movie S3). 
These load drops correspond to crack nucleation and prop-
agation in the tested particle. Figure 2(c) is the top view 
SEM image of the less-brittle fly ash after the compression 
test. Compared to the completely through crack in brittle fly 
ash, the cracks (Figure 2(c), marked with white arrows) in 
less-brittle fly ash are much shorter in length. In contrast, 
the stiffness of the ductile fly ash particle is the smallest and 
its force vs. u/D curve was quite smooth. Even though the 
residual strain is over 40%, no obvious yield can be identi-                
 
Figure 2  (Color online) Compressive behavior of fly ash particles. (a) 
Representative mechanical curves of three types of fly ashes under com-
pressive loading. Among the tested fly ashes, 2/11 were brittle (black 
curve), 6/11 were less-brittle (red curve) and 3/11 were ductile (blue curve). 
The black, red and blue curves correspond to the deformed particles in 
Figures 2(b)–(d), respectively. (b) Fragments of brittle fly ash adhered to 
the diamond tip after sudden failure as indicated by black arrows. (c) 
Postmortem top view of less-brittle fly ash. Cracks were found in the parti-
cle as marked with white arrows. (d) Top view of the round shaped ductile 
fly ash after deformation. No obvious cracks were identified. (e) 
Cross-section observation of a typical fly ash particle. Numerous nearly 
spherical cavities were found. 
fied from the loading curve (Figure 2(a), blue curve, Movie 
S4). After the test, the top view of the ductile fly ash still 
exhibits a round shape and no cracks can be detected, as 
shown in Figure 2(d). As displayed in Figure S4, the chem-
ical compositions of fly ash particles do have obvious fluc-
tuation. In addition to this difference in make-up, cross- 
sectional views revealed that 8 of the 12 fly ash particles 
examined had spherical inner cavities, which is similar to 
that of the fused ash bead [14]. One typical example is 
shown in Figure 2(e). The diverse mechanical responses of 
fly ash particles are most likely resulting from their differ-
ent inner cavities (built-in flaws) as well as compositional 
variations (Figure S4). 
A total of 6 iron-rich particles were tested and all of them 
exhibited very high strength and brittle fracture. One typical 
example is shown in Figure 3 and Movie S5. The original 
diameter of this particle is 1386 nm. During the compression  
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Figure 3  (Color online) Compressive behavior of a typical iron-rich 
particle. (a) Typical force vs. compression ratio curve. The insets showed 
the top view of the particle before (left) and after (right) compression test. 
(b), (c) Cross-section examination of the iron-rich particles. Large and 
small sized cavities were indicated by arrows. 
test, force was observed to increase nearly linearly with 
increasing compression ratio to about 3 mN. Following this, 
a giant strain burst set in suddenly at the compression ratio 
of 13.6% (Figure 3(a)). The insets in Figure 3(a) are the 
SEM images of the iron-rich particles before (left) and after 
(right) the mechanical test. It can be seen that the particle 
was fractured into multiple fragments. The Hc prior to the 
sudden fracture is measured to be ~ 9.76 GPa. On average, 
the Hc of iron-rich particles is higher than that of fly ash 
particles (see Table S2). Cross-section examination demon-
strated that 5 of 8 iron-rich particles contain irregular cavi-
ties inside (Figure 3(b) and (c)). The sizes of the cavities 
ranged from tens of nanometers to several micrometers. 
However, compared with the near spherical cavities ob-
served in fly ash particles, the cavities in iron-rich particles 
is more irregular in geometry (Figure 3(b) and the inset of 
Figure 3(c)). Consequently, the corner of these cavities may 
serve as stress concentration sites during the compression 
test and lead to crack nucleation. 
Pomegranate-like particles are complex and interesting in 
appearance and are different from all previously reported 
internal mixtures [15–17]. Their mechanical response is 
interesting as well. Our tests show that these pomegran-
ate-like particles can yield at relative low stresses in a brittle 
manner. One typical example is shown in Figure 4 and 
Movie S6. This pomegranate-like particle mainly has tita-
nium-rich seeds with original diameter of ~2.9 μm (left inset 
in Figure 4). Similar to the iron-rich particles, a giant strain 
burst set in after the load increased almost linearly to its 
peak value (Figure 4, red curve). However, the corresponding  
 
Figure 4  (Color online) Compressive behavior of a pomegranate-like 
particle. Force vs. compression ratio curve of the particle. The insets dis-
played the morphologies before (left) and after (right) compression test. 
Hc is only ~4.2 GPa. The top view SEM examination of the 
collapsed particle revealed that the residual morphology is 
like a broken concrete (right inset in Figure 4). This sug-
gests that pomegranate-like particles may be formed 
through the mixture of metal-based seeds with carbon in a 
wet environment and dried out later.  
Twenty-one spherical haze particles with diameters 
ranging from 940 nm to 6191 nm were mechanically tested 
in this work. As reported previously [10,18,19], the Hc can 
be a key mechanical parameter to describe the mechanical 
strength of spherical particles. In this work, all the measured 
Hc are plotted against their critical compression ratio in 
Figure 5(a). The iron-rich particles top all other haze parti-
cles in Hc. The majority of them reached a level of ~9 GPa 
with the maximum at ~11 GPa, which is comparable to the 
strength of silica slurry particles [11]. Fly ash particles rank 
the second, on average. It is worth noting that our mechani-
cal tests were carried out inside a SEM. It has been reported 
that electron beam irradiation could induce softening in the 
ionic- and covalently-bonded samples [11,20,21]. If this 
effect is also present for iron-rich and fly ash particles, their 
Hc without e-beam effect could be even higher. 
As mentioned before, due to their tiny size and airborne 
nature, haze particles can easily get into moving parts in ma-
chinery, such as the bearing for high speed train, the gap be-
tween the cylinder and piston for car engine or turbine engine 
for airplane. However, in order to generate significant abra-
sive damage, the hardness of haze particles must be compa-
rable or larger than the materials the parts are made of. Ac-
cording to the theory of contact mechanics [22], the compres-
sion of spherical particle is similar to an inverse indentation, 
and thus the Hc of the haze particles can be seen roughly as 
their hardness. For comparison, Vickers hardness of fre-
quently used metals and alloys in industry, such as steels in 
bearings, superalloys in aircraft, have been shown in Figure 
5(a) (red color) [12,23–27]. It is obvious that the Hc of 
iron-rich and fly ash particles are larger or at least compara-
ble to the hardness of frequently used metals or alloys in 
industry (Figure 5(a), red color). If we define the hardness 
of a given material is Hm and K ≡ Hc/Hm, according  
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Figure 5  (Color online) Critical criterions for generating abrasive dam-
age. (a) Critical contact pressure (Hc) vs. critical compression ratio (left 
and bottom axis in black color) of 21 haze particles. The error bars came 
from the measuring error of the contact diameter between particles and 
substrate as well as the contribution from the substrate. For comparison, 
the Vickers hardness (Hm, right axis) of 6 frequently used metals (top axis) 
are also plotted in this figure with red color. (b) Relative hardness vs. Hm. 
The light blue area bounded by the Kmax and Kmin curves demonstrates the 
possible K range of the haze particles shown in (a). The light purple region 
separates the non-wear zone (below) from the wear zone (above). The 
ellipses with different colors depict the K range for several frequently used 
metals. The inset is the principle of abrasive damage taken from ref. [28].  
to the principle of abrasive wear (as inserted in Figure 5(b)) 
[28], the two critical K values, here denoted as KI and KII, 
separate the relative wear into three zones: Non-wear zone I 
for Hc/Hm  KI, linear wear zone II for KI < Hc/Hm < KII and 
constant wear zone III for Hc/Hm  KII. Therefore, in order 
to generate abrasive damage, K must be larger than KI. For 
the sake of clarity, by assuming that Hm ranged from 0.4 
GPa to 10 GPa, we plot the Kmax/Kmin (defined as the maxi-
mum/minimum Hc shown in Figure 5(a) divided by Hm) vs. 
Hm curves in Figure 5(b), which bound the K range of air-
borne particles, as highlighted by the light blue area. Nu-
merous experiments indicated that the value of KI is among 
0.7–1.1 [28], as marked by the light purple area in Figure 
5(b). For comparison, the K range of some frequently used 
metallic materials are also calculated and added in Figure 
5(b) (as labeled in ellipses with different color). It can be 
seen that even for the tool steels with hardness up to 8 GPa, 
some hard haze particles are still able to cause serious wear 
since part of their K is located in the wear zone (green  
ellipse). Therefore, if the haze particles float in, or are in-
haled into, the moving contact surfaces in use, some of them 
will be strong/hard enough to generate scratch track and 
abrasive damage.  
It is worth noting that for Vikers hardness, it has been 
demonstrated that measured hardness may increase with the 
decreasing indentation depth [29]. The underlying mecha-
nism is that when the indentation depth is small (e.g. less 
than 500 nm), the indented volume has better chance to be 
free of defects and therefore yields ultrahigh hardness. 
However, once the indentation depth reaches a certain value, 
i.e. the indented volume is large enough, the Vickers hard-
ness will become stable. In this work, the Vickers hardness 
we cited refers to the stable value. For the similar reason, 
free standing spherical particles may also exhibit size 
strengthening behavior, but only become significant when 
the diameter of the particles is small, say, in the 
sub-micrometer range [10]. In this work, the majority of the 
tested haze particles are larger than 1 micron meter. In addi-
tion, for the size range we have tested, no obvious size 
strengthening trend is observed. Therefore, size effect, even 
if existed, should not play a significant role in our discus-
sion. 
4  Conclusion 
To summarize, we have characterized the diverse morphol-
ogies and chemical components of airborne haze particles 
and demonstrated the mechanical properties of the spherical 
ones by utilizing the in situ SEM mechanical compression 
method. We find that iron rich and fly ash particles, which 
account for nearly 70% of micrometer sized spherical haze 
particles, could withstand high contact pressure up to ~11 
GPa. The critical criterions for generating abrasive damage 
as a result of haze particles were mapped in this work and 
the K values for engineering materials are estimated to be 
partially located at the wear zone, revealing the significant 
threat of airborne haze particles to the industrial equipment. 
Considering the heavy particulate pollutions currently run-
ning rampant in developing countries, our findings suggest 
that appropriate preventive measures should be taken im-
mediately to guard against the potential damage from haze, 
such as to assemble the precision parts in clean room, to 
seal the gap between sliding parts and to add special filter 
for air “breathing” engines. At the same time, more work 
should be continued to identify the sources of these particles 
and to understand their damage mechanism to specific in-
dustries.  
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